Repetitive DNA is among the fastest evolving types of genomic DNA, which includes simple sequence repeats (SSRs), short regions of tandemly repeated one to six nucleotides long motifs. SSRs are found most frequently in noncoding regions. Repeat number variation occurs rapidly and is presumably neutral such that polymorphic SSRs are frequently used as genetic markers to characterize and classify populations. Despite their rapid evolution, recent reports suggested that SSR loci can be retained over hundreds of millions of years. We here investigate the dynamics and genomic features of SSR evolution in syntenic regions conserved across twelve Drosophila species and within a D. melanogaster population dataset. We find that SSR loci decay exponentially with time, the percentage of retained SSRs mostly reflects species relationships and correlates well with the sequence similarity of neighboring genes. About 47% of repeat loci within syntenic regions may share common ancestry due to predicted conservation in at least two species from the Drosophila subgenera Sophophora and Drosophila respectively, i.e. after 80 million years of divergence time. Since loci which are highly polymorphic at the population level also decay faster across species, SSR evolution appears to be a gradual process in which conservation pressure may act at relatively constant rates across time scales. A higher proportion of SSR loci are retained among Drosophila subgenus species considering their evolutionary distance and the expected decay rate estimated across all Drosophila species. This prolonged SSR retention might be caused by a higher SSR mutation rate and a lower nucleotide substitution rate in the Drosophila subgenus compared to Sophophora species. SSRs in exons and on autosomes evolve more slowly than SSRs located outside of exons or on the sex chromosome, respectively, both within and across species. SSR variability and phylogenetic conservation thus varies depending on the genomic location. These findings provide new insights into the dynamics of SSRs at both micro-and macro-evolutionary scales. The development of robust models of SSR long-term evolution will facilitate more in-depth analyses in general and the prediction of neutrally evolving SSRs and SSRs evolving under purifying selection, extending our knowledge of the functional impact of SSRs in genome evolution.
Introduction
Simple sequence repeats (SSRs, also known as microsatellites) are a class of tandemly repeated DNA sequences which occur in all known taxa and typically represent significant fractions of the overall genomes. 1 For example, 3% of the human genome is made up of SSRs, 2 and between 1.1% and 4.3% were observed in Drosophila species. In the most widely used definition, the number of repeat units within an SSR can range from a few to several hundred repeats, with repeating units of 1 to 6 nucleotides of length. 3, 4 The major mechanism creating SSR length variation is assumed to be through replication slippage. [5] [6] [7] Observed mutation rates of SSRs per locus and generation range between 10 -6 and 10 -2 which is much higher than the substitution rates observed in non-repetitive eukaryotic DNA (between 10 -10 and 10 -8 ). [8] [9] [10] [11] Many studies have investigated mechanistic properties of SSR evolution, but despite these efforts, some processes such as SSR birth and death, 7, [12] [13] [14] as well as the influence of point mutations, recombination, and transposition on SSR length and the genomic SSR content are still not fully understood. 4, 7, 15, 16 SSRs have become one of the most popular types of genetic markers used in a variety of genetic analysis techniques. Many of their applications deal with intra-species analyses in population genetics, 17 for example testing geographic origins of invasive species. 18 Further applications include gene mapping, genetic maps and association studies, conservation biology, molecular anthropology, and paternal investigation. 1, 14, 19 Common to many SSR applications is the underlying assumption of neutrality, i.e. that repeat number variation and interrupting mutations in an SSR haves no fitness effect and areis a purely stochastic processes. [20] [21] [22] The assumed lack of selection pressure on SSR retention suggests that SSRs are not retained over long evolutionary time scales and thus not across different species. Accordingly, the transfer of SSR markers is particularly difficult between distant species. 23, 24 In the last 10 years, SSRs received increased attention in medical research due to accumulating evidence associating them with various cancers, 25, 26 and the implication in several dozen human hereditary disorders. [27] [28] [29] While the majority of tandem repeats is located in the non-coding portions of the genome, presumably without any function, many SSRs are located within genes and regulatory regions. 30 SSRs in coding sequences, mostly triplet repeats with repeating motifs of 3 or 6 nucleotides, typically translate into repeats of amino acids, most prominently glutamine (Q) repeats. Such amino acid repeats are assumed to form intrinsically disordered structures and are frequently found in highly connected proteins (such as transcription factors and protein kinases) where repeats might serve as binding interfaces. [31] [32] [33] [34] Some of these geneassociated repeats may even be selected for as they do not show signs of selection pressure against unstable repeats and can evolve independently in homologous genes. 30, 35, 36 Numerous case studies have revealed that repeat variation can influence phenotypes, e.g. by modulating gene expression, binding interfaces, or chromatin, DNA, and RNA structure. 30 All these findings, many of which are not confined to non-coding regions, suggest that not all SSRs fit the assumption of neutrality.
Furthermore, recent reports have suggested that SSR loci can be conserved across genomes over 450 Myr. 22 Considering SSR abundance, it is not necessarily surprising to find some SSR loci retained over a long time scale. Mechanistically, mutations in viable SSRs favor their preservation, i.e. imperfections in SSRs can get purged during DNA replication slippage. 8 It is, however, not known how purging of interrupting mutations and repeat number variation in SSRs shapes SSR retention rates over several million years. Accordingly, accurate models which can quantitatively describe the evolution of SSR loci and the expected results under neutral evolution over macroevolutionary times have not been established, yet. To date, only one study has systematically evaluated the full-genome conservation of SSRs: Buschiazzo and Gemmell studied the conservation of human SSR loci in 11 vertebrate species using fullgenome alignments present in the UCSC Genome Browser. 22, 37 They could show that conservation of human SSR loci declines exponentially with increasing divergence time and suggested that the majority of SSRs in genomes are maintained by chance. Accordingly, we here take advantage of the recently published wealth of genomes and address issues associated to the possible stochastic nature and retention of SSRs across species. Common to all our analyses is the identification of conserved SSR loci. With an SSR locus, we refer to a putatively homologous position in different genomes; if an SSR with a minimum length and the same repetitive motif can be found in multiple genomes at the same locus, we infer that this SSR locus has been conserved. For this evolutionary analysis, we have developed a novel method that predicts homologous SSRs between pairs of species.
The presented study addresses three key issues: first, we ask if and how frequently SSRs are conserved over evolutionary long time scales. Since SSRs are highly polymorphic, their state in any given genome, such as the model genome which represents a species, are only snapshots of the current population. It is not clear if such a state has already been fixed in the population, or if similarities reflect common ancestry and conservation or different ancestry and convergent evolution (homoplasy). Therefore, we investigate SSR retention in well defined loci between pairs of orthologous genes. To account for the long evolutionary distances among Drosophila species, we focus largely on SSR locus retention as a less sensitive but more robust measure of conservation relative to the change in the repetitive sequence. The Drosophila genus with 12 species that split between 1 and 40 million years ago represents an ideal data set to study gradual changes of loci over a wide range of evolutionary time scales. 38, 39 It also allows to test whether previous findings from vertebrates are valid in Drosophila because in Drosophila, SSR evolution is assumed to be much slower. 19 Second, we compare the retention of specific SSRs to the degree of polymorphism from 37 individual genomes of the wellstudied model organism D. melanogaster (http://dpgp.org/) in order to determine if population based volatility correlates with crossspecies retention. Third, we compare retention rates between different genomic features (exons, introns, and intergenic regions) and between sex chromosome and autosomes. These comparisons address the question whether SSR conservation depends on the genomic localization of the repeat locus.
Materials and Methods

Dataset
For cross-species analyses, sequence data and gene feature files (GFFs) for each of the twelve Drosophila species were obtained from the FlyBase ftp server (ftp://ftp.flybase.net, release FB2010_02). 40, 41 Species and abbreviations are:
, and D. yakuba (Dyak). For each species, whole chromosome sequences were scanned for SSRs. Genomic features were derived from GFFs, classifying SSR localization into either exonic, intronic, or intergenic. For intra-species analyses, the population dataset of D. melanogaster was obtained from http://dpgp.org/ using the DPGP assemblies (release 1.0). Out of the 50 genomes, only Trudy Mackay's set of 37 inbred lines sampled in Raleigh, NC were used as they all cover the 2L, 2R, 3L, 3R, and X chromosomes of Dmel. 42 Genomic features were transferred from the FlyBase Dmel GFF since these population genomes are aligned to the Dmel reference genome.
For a comparison of SSR lengths between Drosophilidae and mammals, unmasked genome DNA sequences were obtained from the Ensembl ftp server (release 64, ftp://ftp.ensembl.org) for the following mammalian species: 43 Homo sapiens (human), Pan troglodytes (chimpanzee), Mus musculus (mouse), Rattus norvegicus (rat), and Sus scrofa (pig).
Simple sequence repeat identification
SciRoko version 3.4 was used to identify perfect and imperfect SSRs in DNA sequences using its mismatched fixed penalty mode with default settings (see Supplementary File 1 for detailed settings). 44 Accordingly, identified SSRs have a minimum length of 12 nt given a perfect repeat structure, while interrupting mismatch mutations are penalized and require repeats to be longer (e.g. 16 nt in case of one mismatch mutation).
Ortholog identification
Orthologous relationships between genes were obtained from FlyBase precomputed files resource (ftp://ftp.flybase.net/releases/FB2010 _02/precomputed_files/). The FlyBase melanogaster gene ortholog report lists Dmel genes and their orthologs in other sequenced strains. When a Dmel gene maps to one gene in all other species, we assume that all these genes are orthologous to each other. A total of 7655 one-toone orthologous gene clusters were thus determined.
Syntenic regions
Syntenic regions that are shared by all 12 species were identified with the tool OrthoCluster using the build from December 2007. 45, 46 Using the 7655 orthologous gene clusters (see above) and the gene feature files of the annotated chromosomes, these regions were identified where at least two orthologous genes are direct neighbors to each other and where the order and their strandedness is conserved across all twelve genomes (see Supplementary File 1 for detailed settings). These settings yielded 1139 clusters of syntenic regions that included 2 to 7 genes.
Calculating simple sequence repeat locus conservation
To determine whether or not a homologous SSR locus exists in a pair of species, the following requirements have to be met: they share the same repeating motif and occur at the same relative position in the respective genome. In a novel approach, we predict homologous SSRs between two species based on four criteria: i) they occur in the same microsynteny block, ii) they have exactly the same repeating standardized motif (as predicted by SciRoko), iii) they occur in the same gene feature (i.e. exon, intron, or intergenic), and iv) they occur at the same position relative to other SSRs in the microsynteny block (see Supplementary File 1 for more details). If two or more SSRs from different organisms fulfill these criteria, we predict that these are homologous SSRs and represent a conserved SSR locus. Between two genomes, we will determine C, the rate of SSR locus conservation, as the percentage of conserved loci among all repeat loci of the two species. Note that two SSRs at the same locus are considered to be homologs independently of their states, i.e. their number of repeat units, thus allowing for variation in length and mismatch mutations. specificity were developed to identify such conserved SSR loci between two species: simple pairwise and progressive. In both methods, all SSRs within a syntenic region of a species are translated into an ordered list of strings, where for each SSR the string is composed of the repeating motif and the type of genomic feature it is localized in. SSR locus conservation in the simple pairwise method is then based only on a global pairwise alignment of two species' lists using an implementation of the Needleman-Wunsch algorithm. 47 For each match, mismatch, or gap, we used the scores +2, -10, and -1, respectively. In the resulting global alignment, identical strings are aligned and represent a conserved repeat locus, whereas SSRs that do not meet the conservation requirements as outlined above are matched with a gap and represent repeat loci that were gained or lost in either of the two species. Note that due to a higher penalty for mismatches relative to gaps, we prevent non-homologous SSRs being aligned to each other. C sim , the rate of SSR locus conservation measured by the simple pairwise method, is the fraction of the number of conserved SSRs to the number of all SSRs of the two species.
In the progressive method, the conservation of SSR loci is evaluated using the phylogenetic position of the species pair in the species tree and by performing progressive alignments as follows. Given three species A, B, and C and a species tree of ((A, B), C), repeat loci between A and C can only be conserved if the same locus has been found conserved between the more closely related species A and B. Technically, we start at the leaves A and B of the tree and visit internal ancestral nodes until we arrive at the node of their most recent common ancestor. At each visit to an ancestral node, we define its SSRs as all SSR loci which have been conserved between the two child nodes as described above. Accordingly, C pro , the rate of SSR locus conservation determined by the progressive method, is the fraction of conserved SSRs at the most recent ancestral node to the sum of all SSRs of the two species.
The simple pairwise and the progressive methods will produce the same results for sister species, i.e. species A and B given the tree ((A, B), C). However, in all other cases, the progressive method requires that an SSR is found conserved in all child nodes of their most recent ancestral node for an SSR to be considered conserved.
For quality control, we have additionally measured sequence conservation of flanking regions (50 bp up-and downstream) of pairs of conserved SSRs (determined by simple pairwise). On average, for any pair of matched SSR loci, 51% sequence identity (±17%) was found in between the flanking regions, indicating that even our simple pairwise method, which is prone to homoplasy, has a high success rate for identifying conserved homologous SSR loci. A list of 26,686 pairs of conserved SSR loci with higher than 50% sequence identity in the flanking region is provided as Supplementary File 2.
Taring C sim and C pro Both SSR locus conservation rates, C sim and C pro , were tared to account for the chance of aligning non-homologous SSRs. For each species pair, a null model for SSR locus conservation was created in which SSRs were randomly sampled from the genomes (see Supplementary File 1). The simple pairwise and progressive method used on this dataset produced C sim_rand and C pro_rand which represent the rate of matching non-homologous SSRs and thus the fraction of expected false positive SSR loci considered as conserved. With the rate of expected false positives known, rates of true SSR locus conservation can be derived as follows: C sim_true =C sim -C sim_rand , and C pro_true =C pro -C pro_rand .
Relating simple sequence repeat conservation rates to divergence times
For all tested species pairs, [i.e. (A,B), (A,C), (B,C)...] rates of SSR locus conservation (C sim and C pro ) were mapped to their divergence time d. d is twice the distance from one child node to the most recent common ancestor node and thus represents the time span each of the two genomes could diverge from each other. Adopted time estimates of species splits provide a resolution of 2 to 80 million years. 48 Comparing states of conserved simple sequence repeat loci
The states of conserved SSR loci, i.e. the exact sequence at pairs of homologous SSRs, were classified into four categories as follows: i) perfect: both SSRs have the same state, i.e. identical repetitive sequences (including the same number of repeat units and possibly interrupting point mutations); ii) interrupted: both SSRs have the same length but differ in the number of interrupting mutations, i.e. single point mutations that interrupt perfect tandem repeats; iii) variable: both SSRs are not interrupted but vary only in the number of repeats; iv) similar: any pair of conserved SSR loci that did not match any of the three previous categories is categorized as similar. Thus, similar SSRs at conserved loci are characterized by both differences in interrupting mutations and number of repeats.
Assessing sequence conservation of orthologous protein sequences All 1:1 orthologous genes with conserved synteny, i.e. all proteins that were used to construct the syntenic regions conserved across all 12 Drosophila species, were extracted from the OrthoCluster output. For each pair of species, the protein sequences of these 1:1 orthologs were globally aligned with MUSCLE and all alignments were concatenated. 49 The overall conservation rate of a species pair was then computed as the percentage of identical residues in the concatenated alignment.
Construction of the simple sequence repeat neighbor joining tree
The similarity matrix based on all pairwise C sim values was converted into a distance matrix using R's dist function. A Neighbor Joining tree was then generated with NJ (Neighbor Joining Tree Estimation) as implemented in the R package ape. 50, 51 The NJ tree will be used to test whether the accepted species tree ( Figure 1A ) can be recovered using SSR locus conservation rates between species.
Simple sequence repeats within a D. melanogaster population SSRs in the DPGP dataset were identified identically to the cross-species analysis using SciRoko with the afore mentioned settings. On the DPGP dataset, the following three analyses were performed: i) SSR locus and state conservation rates were determined for all repeat loci that are located within the same syntenic regions which have been found conserved across all 12 Drosophila species. Since the DPGP genomes are already aligned, conserved SSR loci were identified as significant SSRs with the same standardized motif at overlapping positions. Otherwise, the exact same method was applied as used in the crossspecies analysis; ii) those SSR loci that were found conserved at least among Dmel, Dsim, and Dsec, were sampled from the DPGP dataset. The distribution of two characteristics were compared between all repeat loci and the subset of loci conserved across Drosophila species: a) the number of individuals in which a significant SSR was present at each of these loci, and b) the number of different states at these loci within the population. Two-sample Kolmogorov-Smirnov tests were used to test whether the distribution of cross-species conserved loci is significantly different from the distribution of all SSR loci; iii) for the comparison of SSR conservation between sex chromosome and the autosomes, all genomic SSR loci were used. Conserved SSR loci were identified throughout the X chromosome (representing the sex chromosome in D. melanogaster) and 2L, 2R, 3L, and 3L chromosomes representing the autosomes. Loci in these two sets were then tested for differences in the population spread (see ii a) and allelic diversity (see ii b). 
Results and Discussion
Genome-wide distribution of simple sequence repeat loci Across the twelve Drosophila genomes ( Figure 1A ), a total of 2,138,597 SSRs were identified. Despite very recent species splits, some Drosophila genomes differ quite strongly in their total number of SSR loci ( Figure 1B) , and this trend persists even after transforming genomic SSR counts into density values (number of SSRs per Mb) to account for differences in genome size ( Figure 1C) . Hierarchical clustering based on genome-wide SSR densities indicates that the twelve Drosophila species can be separated into three groups (see Supplementary File 1 for details): the first group consists of all six species from the melanogaster group, all having relatively low SSR densities. The second and third groups show much higher SSR densities and are more similar to each other than to the melanogaster group. The highest density is observed in D. mojavensis, which is the only representative of the third group. The second group is categorized by intermediate SSR densities and comprises the remaining 5 species, including both obscura group species, D. willistoni, and the two Drosophila subgenus species D. grimshawi and D. virilis. These inferred groups are only partially congruent with the established phylogeny among the Drosophila species, and we predict that genomic SSR densities and thus the simple sequence repeat content in the genomes of different species can change rapidly. If such a change can also occur at variable rates, it may explain the contradictions between the clustering and the phylogenetic tree. The groupings of Drosophila species based on their genome-wide SSR densities agrees with an earlier study investigating the abundance of amino acid repeats, which are typically encoded by tri-nucleotide SSRs. This study reported the smallest repeat content in orthologous protein-coding genes from species of the melanogaster subgroup relative to the other Drosophila species. 52 With increasing distance to the melanogaster subgroup, repeat content becomes more variable, but generally increases and is highest in three Drosophila subgenus species and D. willistoni. 52 These findings suggest that genomic SSR content is variable and not necessarily limited to non-functional parts (junk DNA) of the genome. Therefore, a fraction of SSRs may play a functional role in genome evolution.
In order to address the direction of SSR density change, SSR density was evaluated in five outgroup species to the 12 Drosophila species (Anopheles gambiae, Aedes aegypti, Culex quinquefasciatus, Bombyx mori, Tribolium castaneum). These outgroup species show much lower full-genome SSR densities (see Supplementary Material), and it is thus likely that the ancestral genome had relatively low SSR densities. Although we cannot rule out that the tested outgroup species all have undergone genome changes that led to a decrease in SSR density, these data probably indicate a significant increase in SSR density throughout the Drosophila clade. Moreover, our data provide systematic evidence for the evolution towards higher SSR densities in the Drosophila subgenus compared to the Sophophora subgenus as already suggested by previous studies. [53] [54] [55] [56] [57] [58] Although
Finally, observed genome-wide SSR densities suggest that the number and density of repeat loci is variable even between recently split species (<5 Myr).
All these global comparisons based on genome-wide SSR abundance and density indicate that SSR gains and losses occur frequently in Drosophila genome evolution. The following analyses address the evolutionary dynamics of SSRs in more detail and investigate within-and between-species conservation of orthologous SSR loci. Since the genomewide identification of an orthologous SSR locus among multiple species is not trivial, all of these in-depth analyses are restricted to syntenically conserved regions of the Drosophila genomes.
Between pairs of syntenic regions, the conservation of SSR loci was evaluated among all Drosophila species using a novel approach that relies on globally aligning string representations of SSRs found in syntenic regions (see Methods and Supplementary Material for details). Using this approach, two measures are derived using slightly different mehods: In the simple pairwise method, the percentage of conserved SSR loci (C sim ) is determined by directly aligning the SSRs in microsynteny blocks between a species pairs regardless of their position in the phylogenetic tree. In contrast, the percentage of conserved SSR loci inferred with the progressive method (C pro ) is more stringent for non-sister species: at all ancestral nodes until the most recent common ancestor of the two species, it iteratively determines the conserved SSR loci, thus requiring that any conserved SSR locus between the two species under investigation has also been conserved in all other species that have split after the most recent common ancestor node. The simple pairwise method is likely to over-estimate the rate of conservation for distantly related species because it ignores the phyloge- netic context and the divergence time and can thus align non-homologous SSRs that have emerged at similar positions. In contrast, the progressive method is very stringent, in particular for species pairs whose ancestral node is deeply rooted because it requires that the homologous SSR is conserved in all child nodes of the ancestral node. Thus, the progressive method under-estimates SSR conservation because lineage-specific loss will cause homologous SSR loci in all other lineages of a clade to be ignored.
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Overall macroevolutionary trend of simple sequence repeats
As mentioned above, the assessment of conservation of SSRs is restricted to microsynteny blocks, i.e. genomic regions in which the neighborhood of two or more orthologous genes is perfectly conserved across all 12 genomes, in order to facilitate correct identification of orthologous SSRs. Syntenic regions were identified with OrthoCluster. 45, 46 Parameters were chosen so that microsynteny blocks consist of two ore more orthologous genes that are direct neighbors and have conserved strandedness and orientation across all 12 genomes (see Methods for details). Across all 12 Drosophila species, 1139 microsyntenic blocks were identified, containing 2709 orthologous genes that are positionally conserved among all of the species. These syntenic regions cover on average 5.25% of the genome and contain 95,801 SSRs across all 12 species, i.e. 4.48% of all identified SSRs. For all possible pairs among the twelve Drosophila species, the percentage of conserved SSR loci in these syntenic regions was determined; with reference to the divergence times between these pairs, this analysis yielded 66 data points within 40 million years of evolution.
We found that the rate of SSR locus conservation (C sim and C pro ) decays exponentially with increasing divergence time for both the simple pairwise and the progressive method (Figure 2 ; see Methods for details). Such an exponential decay has been observed as well for the conservation of human SSR loci in vertebrate genomes and may be a general trend in SSR macroevolution. 22 As mentioned before, SSR mutation rates are much lower in Drosophila than in vertebrates, and reduced mutation rates might partly be attributed to the facts that i) SSRs in D. melanogaster are shorter, 58 and ii) shorter SSRs are less mutable. 2, 59 By applying the same SSR identification method used in this study for Drosophilidae to five mammal genomes (human, chimpanzee, mouse, rat, pig), we indeed found that Drosophila SSRs are shorter than mammalian SSRs (on average 26 nt vs. 32 nt; see Supplementary File 1 for details).
Simple sequence repeat locus conservation within and between Drosophila species
We sampled SSR loci which, according to our methodology, were conserved among at least three Drosophila species. All conserved loci were required to occur in D. melanogaster (Dmel) which allowed to test if repeat loci that are conserved beyond species boundaries are already more strongly conserved in the Dmel population compared to non-conserved loci. Accordingly, at SSR loci which are conserved across species, we found that a homologous SSR is present in almost all 37 individuals of the Dmel population data set ( Figure 3A) . Moreover, cross-species conserved repeat loci were found to be monomorphic, i.e. only one state exists in all individuals in the Dmel population, for most of these loci ( Figure 3B ). We find that, independently from the degree of cross-species conservation, most SSR loci in the population have a strong locus conservation and have a small number of different states. However, we found that cross-species conserved SSR loci have, on average, a stronger locus conservation in the population (two sample Kolmogorov-Smirnov test: D=0.227, P<2.2e -16 ) and have a lower number of different states (two sample Kolmogorov-Smirnov test: D=0.121, P=2.7e -12 ). Our findings suggest that a number of repeat loci may evolve more slowly than others which facilitates their long-term conservation across several species. Such decreased SSR mutability could be caused by both neutral evolution and natural selection. For instance, it has been shown that mutation rates depend on many inherent characteristics of SSRs such as motif type, length of the motif and the repeat, GC content etc. 60 Therefore, more stable SSRs could have a higher chance of longterm conservation. Alternatively, increased selective constraints might be responsible for the slower evolution of some loci. Our microsynteny blocks contain SSRs within or in close proximity to genes where some of these repeat loci might in fact overlap with functionally relevant genomic regions such as regulatory units (e.g. promoters of genes) or encode for functional parts of the protein (e.g. amino acid repeats). 30 We discuss some of these issues further below in the context of a decreased evolutionary rate of exonic SSRs.
Slower simple sequence repeats decay in the Drosophila subgenus
Among all pairwise Drosophila species comparisons, we could find slight deviations from the overall steady exponential decay. Both C sim and C pro , even after normalization for any potential biases, suggest that three species pairs have increased repeat locus conservation rates: Dmoj-Dvir, Dmoj-Dgri, and Dvir-Dgri. All these pairs belong to the Drosophila subgenus and show rates of SSR locus conservation that are substantially higher than expected based on the divergence times (highlighted in Figure 2 ). We hypothesize that these differences may be caused by SSRs getting less frequently lost in the Drosophila subgenus than in Sophophora species. The loss of an SSR can be caused by repeat variation below a minimum threshold or by one or more point mutations interrupting the perfect repeat structure. If the SSR has become too short or interruptions too frequent, DNA replication slippage will no longer occur and the SSR is dead. 13, 61 However, it has been suggested that in viable SSRs, interruptions get removed during DNA replication slippage. 8 In fact, these two mechanisms in combination, repeat variation through replication slippage and single nucleotide substitutions, could explain the increased SSR locus retention rate in the Drosophila subgenus: evolutionary rates (synonymous mutation rates, dS) were found to be lower for the three Drosophila subgenus species compared to Sophophora species which translates into a decreased rate of interrupting mutations. 62 On the other hand, for at least one of the three Drosophila subgenus species, D. virilis, an increased SSR mutation rate in comparison to D. melanogaster (Sophophora) has been reported. 56 Thus, a higher rate of DNA replication slippage leads to an increased chance for interruptions to be purged. Therefore, such an increased ratio of SSR mutation rate to nucleotide substitution rate may lead to a prolonged SSR locus retention, as observed in the Drosophila subgenus, under neutral evolution. In turn, we do not expect natural selection to play a significant role in the observed increase of SSR locus conservation.
Simple sequence repeats loci in exons evolve more slowly
As a unifying trend, we found that repeat loci which are located in exons are more often conserved and retained between species over longer evolutionary time scales than loci in introns and intergenic regions (Figure 4) . The rates of SSR locus conservation between intronic and intergenic regions are highly similar, suggesting that overall, SSR loci outside of coding regions evolve neutrally and that selection pressure, if any, acts equally strongly on intronic and intergenic SSR loci. As suggested before, elevated conservation rates for exonic SSR loci could be a consequence of purifying selection acting on coding regions with SSRs frequently encoding functionally or structurally important amino acid repeats. 63 While a significant fraction of repeat loci are frequently conserved between speciesespecially between closely related ones -the states at such loci, i.e. the exact repetitive sequences are much more volatile, showing variation in numbers of repeats and interrupting mutations. Overall, across all twelve Drosophila genomes, perfect conservation is relatively rare and was found for only 15% of all conserved repeat loci ( Figure 5 ). The most frequent state of repetitive sequences at conserved loci is variable, i.e. the sequences at a conserved locus show repeat number variation. However, similar to the rate of repeat locus conservation, the conservation of states at homologous loci strongly depends on the divergence time: between the most closely related species, the largest fraction of all conserved SSR loci have perfectly conserved states. With increasing divergence time, most repeat loci show either a variable or an interrupted state ( Figure 5 ). Since exonic SSRs were found to be more strongly conserved than SSRs in non-coding regions, we specifically tested whether perfect state conservation was also more frequent for conserved SSR loci located in exons. Statistical evaluation for cross-species and within-species conserved loci all support a significant bias towards exonic SSRs being more frequently perfectly conserved than the states of conserved SSR loci outside of exons (P<1e -10 ; see Supplementary File 1). In fact, the inferred odds ratios for cross-species and among D. melanogaster individuals conserved repeat loci suggest that exonic SSRs are 1.4 to 1.8 times more often perfectly conserved than non-exonic SSRs. Our analyses also indicate that this increased perfect state conservation is independent from the divergence time, with a significantly increased perfect conservation of exonic SSRs found within the D. melanogaster population, across Drosophila species with less than 10 Myr divergence times, and across Drosophila with the maximum divergence time of 80 Myr (see Supplementary File 1) . These findings suggest that substitutions in the repetitive sequences occur at fairly constant rates over time. Our findings of exonic SSRs being more constrained than non-coding SSRs is largely in line with an earlier study investigating repeat expansion, i.e. the fixation of SSR mutations leading to a gain of a repeat unit, in coding and non-coding regions in a variety of eukaryotes. 64 However, this study reported that such repeat expansion, due to their potential of inducing frameshift mutations, is only significantly constrained for non-triplet repeats, i.e. for SSRs that consist of repeat units whose length is not divisible by three. 64 Since most of exonic SSRs (93%) in this study are triplet repeats and were found to be more perfectly conserved in exons than on non-coding regions, our study suggests that evolutionary constraints also affect triplet repeats in exons.
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We note that these trends reflect the evolution of a large group of SSRs, and exceptions at single loci will likely exist. Moreover, the degree of conservation does not necessarily predict whether or not the SSR plays a functional role, e.g. as a regulatory element or encoding an amino acid repeat. Over macroevolutionary timescales, conserved homologous repeat loci more frequently contain slightly different instead of perfectly conserved sequences ( Figure 5 ). Even for SSRs that are functionally relevant, 4 it might be sufficient to be maintained as an imperfect SSR, i.e. as a sequence that is conserved only at critical positions while other sites are allowed to change to still preserve their function. Moreover, the accumulation of interrupting mutations might facilitate the retention of functionally relevant sequences as imperfect repeats; interrupting the perfect repeat structure of SSRs has been shown to reduce the chance of replication slippage and thus increase SSR stability. 65 Similarly, repeat number variation might exploit the potential of SSRs to function as tuning knobs, typically acting as regulatory elements. [66] [67] [68] Thus, the degree of conservation of an SSR is not necessarily linked to its functional relevance, and variation can both be caused by neutral evolution and natural selection.
Simple sequence repeat loci on the sex chromosome evolve faster Many studies have reported accelerated evolutionary rates of loci on the sex chromosome compared to autosomes. 4, [69] [70] [71] [72] Several factors are thought to be responsible for this accelerated evolution, including a higher number of cell divisions per generation in the male germ line than in females leading more frequently to replication errors in males, hemizygosity and the immediate exposure of mutations to selection, and differences in effective and relative population size. We tested whether or not SSR locus conservation is affected by their localization on autosomes (A-linked) vs. the sex chromosome (X-linked). D. melanogaster was used as the focal species since we can exploit both within-species comparison using the DPGP dataset and cross-species comparisons in syntenic regions. Since the D. melanogaster genome sequence is perfectly resolved into chromosomes, we can infer which SSRs in syntenic regions are linked to autosomes or to the sex chromosome. For the cross-species comparison, all other Drosophila species except D. pseudoobscura and D. willistoni were used. These two species have independently gained the neo-X chromosome by fusing part of the X chromosome with an autosome. 73 Across species, we found that conservation of X-linked SSR loci is 2-fold lower, and X-linked loci are conserved among fewer species than A-linked loci (see Supplementary File 1) . These findings fit very well the reported 2-fold higher nucleotide divergence in Drosophila miranda and a two-fold increased mutability of primate mono-nucleotide SSRs when contrasting sex chromosome with autosomes. 60, 71 Within the Dmel population, an SSR locus is less frequently shared among all individuals and a higher number of distinct states (alleles) can be found for X-linked relative to A-linked repeat loci (see Supplementary File 1). These findings indicate that the faster evolutionary rate of X-linked Drosophila SSRs can be seen at both micro-and macro-evolutionary time scales.
Repeat locus conservation vs. conservation of genes
Different genomic conservation and divergence measures such as protein sequence identity among orthologs, the frequency of positionally conserved introns, and the conservation of synteny seem to be highly correlated with each other. 74 We tested whether over a broad time scale, SSRs follow an evolutionary trajectory that is distinct from other, selectively non-neutral genomic regions. Sequence divergence between the orthologous genes used to identify syntenic regions was found highly correlated to the conservation rates of the SSR loci located in these syntenic regions (see Supplementary File 1) . While the exponential decay of orthologous proteins is much slower, protein sequences and repeat loci among species follow roughly the same dynamics. The observed exponential decay of both these genomic features might be due to the time-dependent rate of molecular evolution, i.e. stem from the fact that micro-and macroevolutionary derived measures reflect mutation and substitution rates, respectively. 75 We show that the species tree can be correctly reconstructed almost to the full extent only based on pairwise SSR locus conservation rates (see Supplementary File 1) . All Sophophora species were positioned correctly, whereas the three Drosophila subgenus species Dgri, Dmoj, and Dvir could not be placed correctly. The difficulty to position the Drosophila subgenus species correctly might be a consequence of the afore mentioned high SSR conservation rates among these three species. Nonetheless, this analysis indicates that SSR locus conservation is a more robust measure than SSR sequence conservation and has the potential to resolve species relationships much further. 21 Note that we do not report on tree reconstruction based on C pro since the progressive method implicitly uses the species tree so that it is a prerequisite of this method to know the species tree to be applicable.
Common ancestry and the birth and death of simple sequence repeats in Drosophilidae
We predict homologous SSRs which are located in syntenic regions between pairs of species, but do not discriminate between putatively gained and lost repeats. Since the SSR locus conservation rates C sim and C pro reflect the percentage of homologous SSR loci among all SSRs of two species, the fraction of non-conserved loci could be the result of either of the two processes: An SSR which was present in the last common ancestor but has not been conserved in both species, or an SSR which was not present in the last common ancestor but was gained lineage-specifically. As an approximation for common ancestry, we determined the percentage of SSR loci that our simple pairwise method predicts to be homologous between any pair consisting of one Drosophila and one Sophophora subgenus species. The results of these pairwise analyses indicate that 47% of all SSRs which are present in any of the twelve Drosophila species may have been present at the root of the Drosophilidae. Common ancestry of only half of the SSRs suggests that the other half of the extant SSRs in Drosophila species has been gained after the split from the most recent common ancestor of all twelve Drosophila species. In contrast, we consider SSRs as not present or dead if the repeat sequence mutated below the minimum length threshold of 12 nt, or if interrupting mutations disrupted the perfect repeat pattern too heavily (see Methods). Testing for the phylogenetic spread of SSR loci (i.e. the number of species in which a homologous SSR locus can be found) revealed that 2867 of the 95,801 SSRs in syntenic regions -i.e. only about 6% of repeat loci present in the last common ancestor -are predicted to be conserved across at least 10 of the 12 extant species. These data support a high rate of birth and death of repeat loci which is likely associated with the full-genome variability of SSR content observed among the Drosophila species (Figure 1 ). 
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Conclusions
Our analyses extend Buschiazzo and Gemmell's study which was limited to pairwise comparisons of human against 10 other species and included only 2 data points with species that split less than 90 Ma. 22 In contrast, we exploit the Drosophila melanogaster population data set to bridge the gap between SSR micro-and macro-evolution. This gap will shrink further with additional genome sequences being released in the near future, either from very closely related sister species or from separate populations of the same species. The increased resolution of the presented cross-species analysis, using all against all comparisons, facilitated identifying outliers from the overall trend, i.e. the increased SSR locus retention rate within the Drosophila subgenus (Figure 2 ), which might have remained hidden with a one against all approach. The prolonged retention of SSR loci in the Drosophila subgenus is not a methodological artifact but is predicted even after correcting for the high similarity in genomic SSR frequencies (see Supplementary File 1). It is possible that an increased ratio of SSR mutation rate to nucleotide substitution rate is responsible for purging interrupting mutations from SSR sequences, thereby prolonging their retention time in Drosophila subgenus genomes.
Throughout this study, we employed two different methods (simple pairwise and progressive) to identify conserved SSR loci between species pairs. In conjunction with a null model, drawn from random sampling of SSRs, we can set a lower boundary for false positives among conserved loci. Overall, C sim and C pro provide upper and lower bounds respectively for the rates of SSR locus conservation and thus define a zone wherein homoplasy provides an alternative explanation for the observed SSRs at one locus ( Figure 6 ). Our study extends beyond presence/absence of SSRs and for the first time provides data on how repetitive sequences at conserved loci (which we referred to as states) evolve within and between species. In general, comparative studies of SSRs suffer from difficulties in defining and identifying an SSR since an SSR slightly below a certain length will not be detected as such but may be easily resurrected by expansion in a closely related species or even within a population. 7, 76 Ultimately, we suggest that, according to the decay rate given in Figure 6 , reliable inferences about the conservation of an SSR locus beyond a few million years require the proven existence of homologous states in intermediate species. Otherwise, homoplasy is at least a likely alternative explanation.
For technical reasons, the conservation rates obtained in our study originate only from SSR loci located in syntenic regions, i.e. genomic blocks that are conserved across all 12 Drosophila species. In general, these genomic regions might be more strongly conserved and constrained than other regions in the genome so that the rates reported here would over-estimate the full-genome conservation rates. 77 On the other hand, especially in the population data set, we have frequently observed cases where one interrupting mutation (i.e. a single nucleotide substitution) in a short SSR is sufficient to put the sequence below the minimum threshold for detection. This may falsely suggest that an SSR has been lost altogether. However, it has been suggested that such interruptions are only transition states in microsatellite SSR evolution. 8 The described phenomenon is again influenced by the definition of an SSR and will lead to an over-estimation of loss. It may also explain why SSR locus conservation within one population of the same species is as low as around 90%. Therefore, the conservation rates reported here are quite conservative as they hinge upon a strict criterion of definition. The results presented here will also help disentangling the involved matter of causes and consequences of repeat evolution. Further research will need to look deeper into how general the trends of rate conservation across time scales and different genomic features are and if the causes of rate divergence between species can be further pinned down. 
